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Abstract 
Photonic crystals (PCs) can manipulate electromagnetic wave by designing artificial periodic 
dielectrics, which provides various applications such as sensor, LED, laser, and optical computers. 
Recently, many studies focus on display applications by designing photonic band-gap while the 
fabrication of photonic crystals in a nanoscale is still challenging. In this work, a simple method is 
described for fabricating mono-layered self-assembled photonic crystals (SAPCs) by using inkjet 
material printers that are able to inject nanoparticle suspension on a substrate in contrast to 
conventional approaches such as photo-lithography, two-photon patterning, and direct-write 
assembly. For making homogeneous single-layered structure, crucial factors influencing the micro-
patterns of a colloidal assembly of the inkjet-printed droplet were investigated including the substrate 
wettability and chemical composition of ink to see what effect they might have on producing 
structure color. These patterned photonic crystals yield stealth ability to avoid pattern detection from 
counterfeiters under day light illumination and generate multiple colorful holograms on different 
viewing angles for complex cryptography. In addition, the number of SAPCs in a matrix format 
controls optical intensities, thus yielding extra anti-counterfeiting function. Because the inkjet-
printed-based SAPC platforms provides a simple and the unique optical properties, it is believed that 
the approach can be widely used for anti-counterfeiting systems.  
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Chapter 1 Introduction  
1.1 Motivation  
Anti-counterfeiting techniques are essential technologies in order to identify the authentication of 
products. However, recent advance of fabrication and information technology easily counterfeits 
products to be seen identical compared to original products. Photonic crystals[1, 2] yield promising 
routes for manipulating light spectrum and intensity at will, showing remarkable potential for 
defending against highly sophisticated counterfeiting techniques[3-5]. The control and manipulation 
of spectroscopic information can be obtained by photonic band-gap designed by periodic multi-layered 
nanostructures[1, 2] and using external stimulus such as temperature[6], mechanical stretching[7], 
solvent[8], and electromagnetic field[9, 10]. Higher dimensional photonic crystals are generally 
fabricated by photo-lithography[11, 12], two-photon patterning[13, 14] and direct-write assembly[15, 
16], but these fabrications require complicate processes, inefficient time and labor, and expensive 
equipment[11-17]. To overcome the disadvantages aforementioned, in this work, a commercially 
available materials printer [18-20] is used to design a novel and durable anti-counterfeiting technique, 
relying on mono-layered self-assembled photonic crystals (SAPCs).  
These patterned photonic crystals are stealthy and thus, can avoid pattern detection by 
counterfeiters in daylight. The crystals also generate multiple colorful holograms at different viewing 
angles for complex cryptography. In addition, the number of SAPCs in a matrix format controls optical 
intensities, thus yielding an extra anti-counterfeiting function. The printed photonic-crystal platforms 
show a practical significance in the authentication of invaluable and commercial products. 
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1.2 Structure of the Thesis  
There are four chapters in the thesis. Chapter 1 will briefly give an overview of the content of the 
thesis. Chapter 2 will present background and literature review of inkjet printing technology and photonic 
crystal for cryptography. Chapter 3 will discuss ink formulation, ink-substrate system, and pattern 
formation to fabricate SAPCs printed from aqueous suspensions of nanosilicas. Based on these, Chapter 
4 will demonstrate characteristic of SAPCs and practical application of photonic crystal patterns for anti-
counterfeiting system. 
1.3 Characterization Techniques 
We used a piezoelectric drop on demand inkjet printer manufactured by Fujifilm Dimatix, Inc. 
(DMP-2800, CA, USA), with a cartridge (Model no. DMC-11610) that supports 10 pL droplets, which 
were used in all of the experiments[21]. The contact angle (CA) of various substrates was measured by 
gently dropping deionized water droplets of 2 μL onto the various substrates and then by using a 
goniometer equipped with an optical system and a CCD camera (Model 200, Ramé-Hart Instrument Co., 
Succasunna, NJ, USA). All the CA reported in this study have been averaged from at least 10 
measurements. Scanning electron microscope (SEM) images were taken and utilized to study the 
morphology and spatial distribution of the deposited silica (S-4800, Hitachi, Japan). Micrographs were 
taken by using a high resolution CCD camera (Eclipse 80i, Nikon, Japan). We used two types of CCD 
cameras: a SLR CCD camera (Nikon D300, Pentax K-x) for high quality images and a webcam for 
regular images. Optical intensity and RGB histogram were obtained from the Image J. Camera positions 
were carefully manipulated by using a custom zig setup. Spectra were measured by using a 
spectrophotometer (Cary 5000 UV-vis-NIR, Santa Clara, CA, USA). 
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Chapter 2 Background and Literature Review 
2.1 Inkjet Printing Technology 
2.1.1 Inkjet printing techniques 
Inkjet printing is direct-write techniques for depositing and patterning materials in the fluid on a 
substrate and it can be used for wide range of materials including metals, ceramics and polymers for 
many different applications. Although conventional photolithography has been generally used for 
fabricating micro/nano patterns, it involve complicated processes and require efficient time management 
and labor, as well as expensive equipment. In contrast, because inkjet printing are simple, fast and provide 
non-contact and mask-less method, this approach is considered as a promising alternative to traditional 
lithography[22, 23]. 
Inkjet printing involves the production of tiny drops of fluid and the droplet position in precise 
locations on a substrate. There are various methods for drop generation, but it can be classified into two 
large groups as continuous inkjet (CIJ) and drop on demand inkjet (DOD). CIJ expels drops constantly 
from a print head and is primarily used for some graphic applications such as marking and labeling. On 
the other hand, DOD inkjet ejects droplets from the print head only when necessary. DOD method is a 
suitable approach for forming patterns because this technique provides high placement accuracy leading 
to high resolution of printed patterns, controllability, and efficient use of materials[24]. 
DOD mode can be classified in thermal DOD and piezoelectric DOD (Fig. 2.1). In a thermal DOD 
inkjet printer, ink is heated until a vapor bubble is created to eject an ink droplet. Since thermal DOD 
involves the vaporization of the ink inside the chamber, the ink must have a volatile solvent, allowing for 
the vapor bubble[25].  
In case of piezoelectric DOD, the ejection of the droplet is caused by the mechanical deformation of 
a piezo-crystal when a voltage is applied. For this reason the piezo-based inkjet is applicable to a wider 
3 
variety of inks than thermal inkjet because a volatile solvent is no requirement to form ink droplet. 
Therefore piezoelectric inkjet printing method is widely adopted for patterning[24, 26].  
 
 
 Fig. 2.1 Schematic illustration of continuous ink jet (left) and piezoelectric drop on demand ink jet (right)[27]. 
 
 
2.1.2 Required properties of inks                                                                                                           
The formulation of suitable inks is critical part for inkjet printing because the ink and its viscosity 
and surface tension determine the ejection characteristics of droplets and the pattern quality[23]. 
However, the formulation for ink depends on the printer used and the material to be printed. Typically, 
the ink should have a viscosity of 10-12 mPas[28]. In case of the surface tension that is influence on the 
shape of the drop, typical values of surface tension ranges from 28 mNm-1 to 32 mNm-1[28]. Besides, the 
time-stability of the suspension is important parameter because the particles in suspension have to 
maintain uniform dispersion without aggregation for all the time of the printing process. 
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2.2 Photonic Crystal for Encoding 
Photonic crystals are periodic nanostructures that can cause diffraction and reflection at certain 
specific wavelengths perceived as color by the human eye[29]. The control and manipulation of 
spectroscopic information can be achieved by various ways such as electromagnetic fields, solvents, and 
laser induced periodic surface for encoding.  
Hu et al. demonstrate photonic paper composed of magnetically induced self-assembly of 
superparamagnetic colloidal nanoparticles (Fig. 2.2a)[30]. The paper features toggle effect (show or hide) 
caused by application and withdraw of a magnetic field. 
Fig. 2.2b shows technique for chemical encipherment in 3D-ordered porous photonic crystal with 
inverse opal structure[9]. The message, W-INK, is encoded using four different chemistry (trimethylsilyl, 
3,3,3-trifluoropropylsilyl, n-decylsilyl, and 13FS). Unable verify the pattern in the air, but four different 
words can be displayed when immersed in ethanol (EtOH). In other words, the different words appear 
according to the concentration of ethanol. 
Fig. 2.2c presents laser induced periodic surface structures (LIPSS) formed by applying ultra-short 
pulse (e.g. femtosecond laser)[31]. Because periodic surface structures, usually named ripples, act as 
diffraction grating, a color effect can be obtained when white light is illuminated on the surface. However, 
it is impossible to exhibit the colors if direction of white light is parallel to the ripples: there is no 
interference between light and ripples. As a result, the colors can be selectively produced, depending on 
a relation between light direction and ripple orientation.  
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Fig. 2.2 a-c, Various methods to manipulate spectroscopic information of photonic crystal for encoding. (a) 
Electromagnetic fields, (b) solvents, (c) laser induced periodic surface.  
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Chapter 3 Experimental 
3.1 Printing of Nano Silica Suspension 
3.1.1 Material printer system 
The inkjet printer used for the fabrication of patterned photonic crystal in this thesis is the Dimatix 
Materials Printer 2800 (DMP2800), a software controlled DOD printer using a piezo-based inkjet 
cartridge. (Fig. 3.1). A printer head consists of 16 nozzles in a row with a 254 μm spacing distance. Each 
nozzle is approximately 21.5 μm in diameter and its operation can be controlled individually. The center-
to-center drop spacing is adjustable between 5 and 254 μm in one micron increments and depends on the 
dpi setting. The 5 μm drop spacing corresponds to a 5080 dpi printing resolution as a maximum, while 
254 μm corresponds to 100 dpi as a minimum. We mainly used 254 dpi, which meant a drop spacing of 
100 μm, which is appropriate distance to prevent overlapping between droplets[21]. 
 
 
 
Fig. 3.1 Photograph of Dimatix Materials Printer (DMP-2800) and schematics of print cartridge of DMP 2800. 
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3.1.2 Preparation of SiO2 suspension inks 
Monodisperse plain silica particles (10% w/v) with diameters of 400 nm and 500 nm (Polysciences, 
Warrington, USA) were used. To manipulate the final working concentration of the particles, the 
following centrifugal steps were employed. First, a 1000 µL solution of silica particles as delivered was 
centrifuged at 4000 rpm for 12 minutes, and then the solution was removed for a high concentration 
particle suspension (> 20% w/v) or diluted with deionized water for a low concentration particle 
suspension (< 10% w/v). Next, the particle suspension was mixed with FA (Sigma Aldrich, Korea) in a 
ratio of 4 to 1 in volume to control evaporation time for better self-assembly[18]. The prepared, mixed 
particle suspension was treated ultrasonically for 10 minutes for complete dispersion (5510E-DTH, 
Bransonic, USA). 
 
3.1.3 Substrate pretreatments  
A surface property of the substrate is another important factor to achieve uniform deposition. Four 
different substrates were used to investigate effects of hydrophobicity and hydrophilicity of substrates on 
crystallization of nano silica suspension such as slide glass, Si-wafer, polydimethylsiloxane (PDMS),    
polypropylene (PP) and the substrates were cut by a diamond knife. All substrates were carefully cleaned 
in acetone and IPA, rinsed with deionized (DI) water, and then dried with nitrogen gas. No further surface 
modification was made.  
8 
3.2 Patterns from Inkjet Printing 
3.2.1 Formation of dot and line pattern 
The inkjet-printed patterns can be divided into two major sections as dot and line pattern. Even 
though this is just simple patterns, it is essential basis to fabricate various and complicated patterns. Fig. 
3.2 shows the patterns of dots and lines printed using SiO2 suspension inks 1% (w/v) on a hydrophilic 
(slide glass) and hydrophobic substrate (PDMS). Diameter of printed dot on slide glass was around 70 
µm, while each dot in diameter of around 7 µm was printed on PDMS. We were able to obtain dot and 
continuous line patterns on slide glass by controlling a droplet spacing, which means dot to dot distance 
(Fig. 3.2a)[23]. When the droplet spacing exceeds the diameter of the printed dot, single dot pattern was 
generated. In contrast, narrowing droplet interspacing results in merging of individual droplet on 
hydrophilic substrate. As a result, when the droplet spacing reduces below the diameter of the single dot, 
continuous lines formed. In case of hydrophobic substrate, the formation of continuous lines is difficult 
to achieve because of the strong de-wetting caused by the substrate as shown in Fig. 3.2b.  
 
Fig. 3.2 The formation of dot and line pattern by controlling a droplet spacing in hydrophilic and hydrophobic 
surface a, SEM images of ink-jet printed patterns as a function of droplet interspacing in hydrophilic surface: 100 
μm, 60 μm, 40 μm b, SEM images of ink-jet printed patterns as a function of droplet interspacing in hydrophobic 
surface: 100 μm, 60 μm, 40 μm 
100 µm
ba
100 µm
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3.2.2 Behavior of a droplet on the substrate 
Fig. 3.3 shows a basic physics of an inkjet printing process for producing droplet patterns on a 
hydrophilic and hydrophobic substrate, respectively. Injected particles with 500 nm are used to form 
photonic crystals by drying process. As soon as suspension was injected on the surface, it seems to spread 
out due to the momentum of the droplet. We employed a hydrophilic (glass) and hydrophobic (PDMS) 
substrate printed with 10% (w/v) water-based nanobead suspension. In case of hydrophilic surface, the 
water-based droplet becomes asymmetric due to high surface energy: the edge of the droplet becomes 
thin, while the center becomes relatively thicker (Fig. 3.3a). Since an evaporation rate at the edge is much 
faster than center region in droplet, a capillary flow is generated to replenish a fluid at the edge. As a 
result, the particles are transported to the edge by outward flow and produced a coffee-ring-shaped pattern 
in which several nanobead layers were self-assembled only along the perimeter (Fig. 3.3c-i)[32]. 
In contrast, the same nanobead suspension was repeatedly injected on the PDMS substrate and the 
self-assembled nanobead structures were dome-shaped as shown in Fig. 3.3b. The hydrophobic surface 
appears to make the injected area shrink. As a result, the surface area of the self-assembled, dome-shaped 
nanostructure is much smaller than on hydrophilic surface (Fig. 3.3c-ii). 
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Fig. 3.3 a-b, Schematic of evaporation process in a droplet and different nanostructures on hydrophilic and 
hydrophobic surfaces. c, SEM images show (i) a ring-shaped and (ii) a dome-shaped nanostructure. 
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3.2.3 Mono-layered, self-assembled structure using Marangoni effect 
In order to obtain mono-layered structure, several experiments were designed to examine surface 
wettability, the concentration of nanobeads, and effects of solvents as shown in Fig. 3.4a. First, water-
based two nano-bead suspensions at 10% (w/v) and 20% (w/v) on a hydrophilic glass with contact angle 
10° were studied. Both of them produced a coffee-ring shape pattern. Second, the same nanobead 
suspension (10% (w/v), 20% (w/v)) with 100 µL formamide (FA) as drying control agent on a hydrophilic 
glass[18]. In this case, a low concentration suspension 10% (w/v) also formed ring pattern, but a high 
concentration suspension (20% w/v) produced a monolayer pattern. This means manipulating both the 
solvent system and the number density of silica particles enabled mono-layered structure on hydrophilic 
substrates. In fact, these results indicate that solvent system (water/FA mixture) is more crucial than 
concentration to control the evaporation time and make a homogeneous single layer: FA has higher 
boiling point than water, while water has higher surface tension than FA.  
When using solvents that contained water/FA mixture, the water preferentially evaporated at the edge. 
As a result, capillary fluid movement occurs from center to edge in droplet. However, the resulting 
surface tension gradient induces Marangoni flow from the edge to the center because the FA 
concentration is higher near the perimeter, which reduces the surface tension[18, 33]. Therefore, this flow 
can balance the capillary flow and we can achieve uniform deposition. Fig. 3.4b shows SEM images of 
self-assembled, mono-layered photonic crystal dots on a glass substrate (i–ii). Each dot is about 70 µm 
in diameter (i) and comprised of the nano-sized silica particles (ii). 
  
12 
  Fig. 3.4 a, Schematic of evaporation process in a droplet for producing monolayer nanostructure. b, SEM images 
show (i) a mono-layered nanostructure and (ii) a cross section view of single layer. 
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3.2.4 Multiple injection on glass and PDMS 
We also tried multiple injection on glass and PDMS respectively. In case of glass, the number of 
layers piled on glass are almost equal to the number of injection (Fig. 3.5a). On the other hand, Fig. 3.5b 
shows that the size of dorm-shaped structure on PDMS grow bigger as the number of injection increases. 
 
Fig. 3.5 SEM images of multiple injection on glass and PDMS. a, Ring-shaped structure with several layers on the 
glass. b, Multi-layered structure composed of individual monolayer. c, Dorm-shaped structure on PDMS grow 
bigger as the number of injection increases.   
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3.3 Coloration of Self-assembled Nanobeads on Various Substrates 
Fig. 3.6 shows SAPC patterns of the Nation Treasure No. 1 of Korea (i.e., Namdaemoon) on various 
substrates with different contact angles, such as slide glass, silicon wafer, polypropylene (PP), and 
polydimthylsiloxane (PDMS); inset images show contact angles of distilled water droplets. These 
patterns are assembled in a matrix format by printing droplets with 20% (w/v) nanobead suspension 
within a 1 cm by 1.5 cm area with a 100 µm spacing distance. By gradually increasing the contact angles 
of droplets on the substrate, we obtain mono-layered (slide glass, Fig. 3.6a), multi-layered (Si-wafer, Fig. 
3.6b) and dome-shaped (PP, Fig. 3.6c) and PDMS, Fig. 3.6d) nanostructures[34]. Next, we captured 
images using a charge-coupled device (CCD) camera under white light illumination on four samples. 
Interestingly, mono-layered patterns on hydrophilic surfaces emit iridescent colors, like an opal, and 
show a rainbow-like pattern at different viewing angles. As printed patterns obtain higher dimensional 
layers, colorful images no longer appear by forming a photonic band-gap outside the visible spectrum. 
In other words, the flat structures produced colors while the dome-shaped structures did white lights, 
implying that the nanostructures have different interaction with incident light.  
  
15 
 Fig. 3.6 Self-assembly of photonic crystals on various substrates with different contact angles. a–d, Comparison 
of the self-assembly and the structure coloration among difference substrates, such as (a) glass, (b) Si-wafer, (c) 
polypropylene (PP), and (d) polydimthylsiloxane (PDMS). The patterns on the glass, PP, and PDMS are observed 
on a black background. A weak light is used for the three images on the left, while a strong light is used for the 
three images on the right. 
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Chapter 4 Results and Application 
4.1 Characterization of Self-assembled Photonic Crystal Patterns 
A schematic of an inkjet printing process for producing droplet patterns on a substrate is shown in 
Fig. 4.1a. Photonic crystals (silica particles) with a 500 nm diameter in injected droplets are self-
assembled by drying, resulting in a mono-layered, matrix-format pattern (e.g. dot) on hydrophilic 
substrates. Water-droplets were mixed with formamide (FA, < 10% v/v) for better self-assembly[18]. 
We demonstrate an in-series fabrication process for producing structural coloring. Fig. 4.1b shows 
how various structural colorations are produced in a controlled manner (i–vi). A colorful image (i) needs 
to be converted to a black and white one (ii); therefore, each pixel (about 100 µm by 100 µm) becomes 
either black or white (iii). Droplets are then printed on only black pixels, and not on white pixels (iv). 
For example, we choose an image of Marilyn Monroe and then produce its photonic crystal pattern by 
injecting ~10,000 droplets into a 1.5 cm by 1.5 cm area. Photographs (Fig. 4.1c) taken of the photonic 
crystal patterns show various colorations on different backgrounds and in different illumination 
conditions. The pattern can be not only display under a relatively strong white light illumination on the 
black background but also hidden under weak illumination regardless of the backgrounds. Notably, it is 
not easy to detect the pattern even on the black background. In other words, they can be hidden regardless 
of the illumination strength on a white background, while they can be seen in color or appear whitish on 
a black background depending on the illumination strength. However, interestingly, clear and colorful 
images appear under strong illumination and their coloration depends on the viewing angles (Fig. 4.1d). 
Fig. 4.2 shows representative photographs of structural colors produced using the same process as 
Fig. 4.1b: university logo on the left (Fig. 4.2a), and a large-area pattern on the right (Fig. 4.2b).  
 
 
 
17 
 Fig. 4.1 a, Schematic of printing and self-assembly of photonic crystals using an inkjet printing technology. b, 
Structure coloration process. A color image (i) is converted to a black and white one (ii). Then, each pixel is 
determined whether photonic crystals will be injected or not (iii–iv). c, The printed patterns can be hidden and 
shown by manipulating the background and illumination conditions. d, Color variation by angle of view. 
 
 
Fig. 4.2 a-b, Various images produced using the same structure coloration process exhibit rainbow colors. (a) 
University logo, (b) large-area pattern.  
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4.2 Theoretical Analysis on Spectra of Mono-layered Photonic Crystals 
The structural colors from SAPCs formed on a glass substrate can be directly applied to an anti-
counterfeiting system since they are hidden under weak light (daylight) and shown under strong light, 
which is also well supported by numerical results obtained from the basic diffraction theory of periodic 
grating structures[31, 35]. 
We theoretically support structural coloration with a simple diffraction grating model. Fig. 4.3a 
shows simple periodic elements comprised of SAPC patterns on a hydrophilic surface (mono-layered flat 
structures). If light composed of rainbow spectra enters the grating elements, spectral components are 
diffracted into multiple colorful beams in different angular directions. The angles of the diffracted beams 
are related simply to the periodicity and angle of incident light as shown by Eq. 1. For a plane wave 
incident at angle θi 
  (sin sin )i mm dλ θ θ= +      (1) 
where d is the diameter of silica particles, m is the order of the refracted ray,  θi is the incident angle of 
light, and θm is the angle of refraction relative to the normal plane. The first-order (m = 1) and second-
order (m = 2) diffractive beams of photonic crystals with d = 500 nm are obtained by simple numerical 
calculation, as shown in Fig. 4.3b, c. The first-order diffractive beam is easily detected by the naked eyes, 
but high-order diffractive beams are imperceptible because they are of shorter wavelengths located in the 
violet spectrum.  
Fig. 4.4 illustrates the experimental setup that defines the position of a light source and a CCD camera 
by using a spherical coordinate system P(r, θ , φ), where r is the distance from the light source or the 
CCD camera to the origin and θ  and φ  are the angle as defined. Photonic crystal patterns are placed on 
the y-z plane, and a light source is fixed at θ  = 45° on the x-z plane (i.e. PL(3 cm, 45°, 0°)). These images 
are obtained by moving the camera at 10° increments from φ = -80° to φ = 80° on the x-y plane.  
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Fig. 4.5a shows that structural colors of photonic crystal patterns with particles with d = 500 nm 
gradually change depending on the viewing angle of the camera[36]. The normal angle of the surface (θm 
= 0 and φ = 0) shows a violet spectrum. At the surface normal (θm = 0 and φ = 0), refracted rays have 
diffracted waves with λ = 392 nm (m = 1), resulting from Eq. (1), thus yielding the violet spectrum 
imperceptible to human eyes. Furthermore, if we change the position of the camera by changing φ  along 
the x-y plane, the diffractive beams provide 2D complex interferences and generate complex, colorful 
images. For example, diffractive rays at extreme angles of the range we tested (e.g. φ = -80o and 80o) 
produce colorful, rainbow-like patterns covering all visible spectra.  
However, if periodicity decreases on a sub-wavelength scale below 400 nm, human eyes cannot 
sense the diffractive beams of the patterned photonic crystals. Specifically, these patterned photonic 
crystals with particles with d = 400 nm yield diffractive images with λ = 282.47 nm (m = 1) located at a 
near-ultraviolet spectrum along normal surfaces and show monochrome images located in a blue 
spectrum corresponding to the viewing angle of the camera as shown in Fig. 4.5b.  
Figs. 4.6-4.8 show photonic crystal images placed on the y-z plane depending on the emitter positions 
and camera positions, respectively. 
 
 
Fig. 4.3 Comparison between theoretical and experimental coloration results from the photonic crystal pattern. a, 
Basic diffraction grating model of mono-layered photonic crystals. b, First order diffraction spectrum with incident 
angle θi = 60° and d = 500 nm. c, Second order diffraction spectrum with incident angle θi = 60° and d = 500 nm.  
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 Fig. 4.4 A spherical coordinate system represents the position of incident light PL (r, θ, ϕ) and that of a CCD camera 
PC(r, θ, ϕ). 
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Fig. 4.5 a, Photographs of 500 nm photonic crystal patterns when the position of incident light is PL(3 cm, 30°~90°, 
0°) and the camera is placed on the x-y plane PC(40 cm, 90°, -80°~80°). b, Photographs of 400 nm photonic crystals. 
The patterns show color variations and significantly depend on viewing angles. 
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Fig. 4.6 a, Position of incident light is PL(3 cm, 30°~50°, 0°), and the camera is placed on the x-y plane. b, 
Photographs show color variation as viewing angles change. The color variation is symmetrical with respect to ϕ 
= 0°. The diameter of the nanobeads is 500 nm. 
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Fig. 4.7 a, Position of incident light is PL(3 cm, 30°, -30~50°), and the camera is placed on the x-y plane. b, 
Photographs show color variations as viewing angles change. The color variation is asymmetrical with respect to 
ϕ = 0°. The diameter of the nanobeads is 500 nm. 
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Fig. 4.8 a, Position of incident light is PL(3 cm, 90°, -30°~ -50°), and the camera is placed on the x-y plane. b, 
Photographs show color variations as viewing angles change. The color variation is asymmetrical with respect to 
ϕ = 0°. The diameter of the nanobeads is 500 nm. 
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4.3 Spectrum Measurement 
In order to quantitatively measure diffraction spectrum, we utilize Agilent’s Cary 5000 UV-vis-NIR 
spectrometer. Fig. 4.9a shows the experimental setup used to obtain diffused and specular reflections. In 
this experiment, we use the SAPCs with diameters of 500 nm on Si-wafer substrate. Fig. 4.9b and 
Fig.4.9c show the comparison between diffused and specular reflections. As expected, specular reflection 
occupy the greater part of reflections. Fig. 4.10 illustrates the diffracted spectrum of s-polarized incident 
wave with incidence angle θi = 60°, 45° and 30°, respectively. When s polarized beam (magnetic field is 
perpendicular to the plane of incidence) is incident at the angle θi = 60°, diffused reflections are measured 
at θm = 30°, 0° and -30° (Fig. 4.10a). Even though diffused reflections are small compared to specular 
reflections in Fig. 4.9, the diffused reflections depend on wavelength and detection angle θm. At θm = 30°, 
the diffused reflection shows the maximum around 600 nm, and at θm = 0° and -30°, maximum reflections 
are located in the blue spectrum. In two other cases (θi = 45° and 30°), most diffused reflections appear 
at the blue light of the visible spectrum (Fig. 4.10b and Fig. 4.10c).  
Fig. 4.9 a, Experimental setup. Reflection measurement by Agilent’s Cary 5000 UV-vis-NIR spectrometer. b, 
Diffraction grating model of mono-layered photonic crystals with incidence angle θi = 60°. c, Diffused and specular 
reflections of SAPCs with diameter d = 500 nm when the position of s-polarized incident wave is angle θi = 60° 
and detector is placed on θm (0°, -60°).  
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 Fig. 4.10 a, Diffraction grating model of mono-layered photonic crystals with incidence angle θi = 60°. b, Diffused 
reflection measurements of SAPCs with diameter d = 500 nm when the position of s-polarized incident wave is 
angle θi = 60° and detector is placed at three points (θm = -30°, θm = 0°, and θm = 30°). c, Diffraction grating model 
of mono-layered photonic crystals with incidence angle θi = 45°. d, Diffused reflection measurements of SAPCs 
with diameter d = 500 nm when the position of s-polarized incident wave is angle θi = 45° and detector is placed 
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on θm (-22.5°, 0°, 22.5°). e, Diffraction grating model of mono-layered photonic crystals with incidence angle θi = 
30°. f, Diffused reflection measurements of SAPCs with diameter d = 500 nm when the position of s-polarized 
incident wave is angle θi = 30° and detector is placed on θm (-15°, 0°, 15°). 
 
4.4 Application of SAPCs for Anti-counterfeiting System 
As an example of practical applications, we demonstrate anti-counterfeiting system using SAPCs. 
First, we produce a pattern on an oxygen-plasma-treated PDMS slab with hydrophilic wettability and 
flexibility (CA = 10° and thickness = 200 µm). The PDMS surfaces are well-attached to glass surface[37]. 
Interestingly, these patterns can be hidden on a conventional chemical bottle but are detectable with a 
smartphone light (Fig. 4.11a). Fig. 4.11b shows the same pattern on a glass substrate that can be hidden 
under daylight, but is visible under strong light, and the color of the pattern is determined by the viewing 
angle. Fig. 4.11c shows a more realistic counterfeiting application on a paper bill. The pattern is only 
displayed under a relatively strong illumination. Furthermore, we decrypt the pattern by using 
commercially available LEDs and a CCD camera, such as a webcam, by fixing the incident angle of light 
and the reflection angle as shown in Fig. 4.12. In Fig. 4.13, we convert diffractive spectra of three 
different samples into RGB histograms obtained by 8-bit CCD images. Interestingly, the RGB histograms 
move to higher intensities with an increase in the number of SAPCs in a unit square area. In addition, the 
RGB histograms are easily manipulated by changing the location of the detectors. Thus, these SAPCs 
combined with a light source and a detector show innovative potential for an anti-counterfeiting system 
to authenticate invaluable and commercial products. Thus, a simple platform comprised of a light source 
and a detector can decrypt the diffraction pattern of light in terms of optical intensity to produce an RGB 
histogram[38].  
28 
 Fig. 4.11 a, Photonic crystal patterns showing a logo can be normally hidden, but shown by light illumination 
using a smartphone. b, Images on a glass substrate taken using an iPhone 5 show color variations. c, A paper bill 
with patterns that are normally hidden but can be seen under a bright light. 
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Fig. 4.12 Credit cards use a hologram as indicated with rectangles in red. Photonic crystal patterns indicated with 
a rectangle in green appear to replace the hologram. 
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 Fig. 4.13 a, 8-bit CCD images obtained from different pattern densities show different histograms (Color images 
taken by a regular smart phone can be split into red, green and blue, respectively.). b, The histograms of 8-bit CCD 
images taken at different viewing angles show significant intensity variation, demonstrating anti-counterfeiting 
systems. 
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Conclusions 
Inkjet printers provide a practical and economical platform to photonic crystal patterns on various 
substrates by injecting nanobead suspension droplets. The nanobeads in droplets was self-assembled and 
formed coffee-ring, mono-layered, multi-layered, and dome-shaped nanostructures, respectively. 
Specifically, 2D self-assembled, mono-layered photonic crystals was developed by utilizing substrate 
wettability and chemical composition of the silica particle suspension. These patterned photonic crystals 
(SAPCs) provide stealth ability to avoid pattern detection from counterfeiters under day light illumination 
and generate multiple colorful holograms on different view angles for complex cryptography. In addition, 
the number of self-assembled nano-bead arrays in a matrix controls optical intensities, thus yielding extra 
anti-forgery function. Therefore, the printed photonic-crystal platforms show a practical significance in 
authentication of invaluable products and could replace conventional systems in an inexpensive and 
nanotechnological manner.  
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